The largest galaxies in the universe reside in galaxy clusters. Using sensitive observations of carbon monoxide, we show that the Spiderweb galaxy-a massive galaxy in a distant protocluster-is forming from a large reservoir of molecular gas. Most of this molecular gas lies between the protocluster galaxies and has low velocity dispersion, indicating that it is part of an enriched intergalactic medium. This may constitute the reservoir of gas that fuels the widespread star formation seen in earlier ultraviolet observations of the Spiderweb galaxy. Our results support the notion that giant galaxies in clusters formed from extended regions of recycled gas at high redshift.
The largest galaxies in the universe reside in galaxy clusters. Using sensitive observations of carbon monoxide, we show that the Spiderweb galaxy-a massive galaxy in a distant protocluster-is forming from a large reservoir of molecular gas. Most of this molecular gas lies between the protocluster galaxies and has low velocity dispersion, indicating that it is part of an enriched intergalactic medium. This may constitute the reservoir of gas that fuels the widespread star formation seen in earlier ultraviolet observations of the Spiderweb galaxy. Our results support the notion that giant galaxies in clusters formed from extended regions of recycled gas at high redshift.
T he formation of the largest galaxies in the universe is thought to be a two-stage process. For the past 10 billion years, these giant galaxies have grown mostly by cannibalizing smaller galaxies (1, 2) . However, computer simulations predict that in an earlier phase, lasting a few billion years, their stars condensed directly out of large reservoirs of accreted gas (3, 4) .
We present observational evidence for an extended gas reservoir fueling star formation in the massive Spiderweb galaxy, MRC 1138-262, which is located in a protocluster at a redshift of z = 2.161 (5) (6) (7) (8) (9) . The Spiderweb galaxy is not a single galaxy, but rather an aggregation of protocluster galaxies. They are embedded in a giant halo of atomic (neutral and ionized) hydrogen gas, which radiates Lya emission across a region of~200 kpc (6) . The central protocluster galaxy has a supermassive black hole at its core, which emits jets of relativistic particles visible in radio observations (5) . Observations suggest that the protocluster galaxies will eventually merge and evolve into a single giant elliptical galaxy in the center of the cluster (10) . We therefore refer to the Spiderweb galaxy as the entire region encompassed by the Lya halo, and we refer to the gas between the protocluster galaxies as the intergalactic medium (IGM).
Earlier observations of line emission by carbon monoxide revealed the presence of large amounts of molecular gas in the Spiderweb galaxy (11) . Because molecular gas is the raw fuel for the formation of stars, observations of molecular gas give us insight into the processes driving the evolution of the distant Spiderweb galaxy. We have obtained sensitive observations of the transition between the lowest two rotational levels of carbon monoxide, 12 CO (J = 1 → 0), using the Australia Telescope Compact Array (ATCA; 90-hour exposure time) and the Karl G. Jansky Very Large Array (VLA; 8-hour exposure time) (12) . The ATCA observations were optimized for detecting low-surface-brightness emission from broadly distributed CO, with a 4.8″ × 3.5″ resolution. The VLA observations complement the ATCA data with a higher 0.7″ × 0.6″ resolution, making the VLA data sensitive to small-scale features but not to large-scale ones. Sampling these different spatial scales allows us to obtain a complete picture of the CO distribution, from the gas in the individual protocluster galaxies to that across the IGM. Figure 1 shows that the CO emission in the ATCA data covers a region of~70 kpc around the central radio galaxy. The CO (J = 1 → 0) luminosity is L′ CO,ATCA~5 .6 (±1.7) × 10 10 K km s −1 pc 2 . The high-resolution VLA data detect CO only on an arcsecond scale within the central radio galaxy itself. Figure 2 shows that this central emission accounts for only one-third of the CO luminosity observed with the ATCA, or L′ CO,VLA~1 .9 (±0.6) × 10 10 K km s −1 pc 2 . Thus, two-thirds of the CO detected with the ATCA, 3.7 (±1.1) × 10 10 K km s −1 pc 2 , originates from gas outside the central radio galaxy. Figure S1 shows that the CO-emitting gas outside the central radio galaxy is spread on scales larger than the individual protocluster galaxies. This largescale molecular gas cannot be imaged with our VLA data, which are far less sensitive to low-surfacebrightness emission than the ATCA data (fig. S1). Figure 3 shows that the bulk of this large-scale CO is not peaking cospatially with the central radio galaxy or any of its brightest surrounding protocluster galaxies; the CO-emitting gas instead appears to be concentrated between the galaxies (12) . The velocity dispersion of the CO-emitting gas, s CO~2 20 km s −1 , is also much lower than that of the protocluster galaxies, s gal > 1000 km s −1 (Fig. 2) (7) . This agrees with the fact that our VLA data do not detect CO down to a 3s limit of L′ CO < 9 × 10 9 K km s −1 pc 2 in any of the surrounding protocluster galaxies (12) .
On the basis of Figs. 1 to 3 and fig. S1, we argue that our data show a molecular phase of the IGM embedded in the giant Lya-emitting halo of the Spiderweb galaxy. There is no evidence that this large-scale molecular gas is rotating. Instead, the most blueshifted CO lies toward the southwest, while gas at increasingly higher velocities is distributed increasingly counterclockwise around the radio galaxy ( Fig. 3 ). The brightest CO peak lies in the region between two bright spots in the radio jet ( Fig. 3 , E and F). This is consistent with recent detections of H 2 O emission along the jets in the Spiderweb galaxy, which imply rapid dissipation of the kinetic energy supplied by the relativistic jets (13) . Following recent models (14, 15) , the peak in molecular CO emission along the jet also likely indicates that jet-induced gas cooling occurs within the IGM (12) .
Hubble Space Telescope (HST) imaging of extended rest-frame ultraviolet (UV) light in the IGM of the Spiderweb galaxy has previously revealed ongoing star formation across a region of~70 kpc,
sciencemag.org SCIENCE with a star formation rate SFR IGM~1 42 M ⨀ year −1 (where M ⨀ is the mass of the Sun) (16) . The morphology of this UV-emitting region is similar to that of the CO emission (Fig. 3) . The extended UV light is most likely produced by young O-and B-type stars that formed in situ within the IGM, because its rest-frame UV color (as measured through the HST Advanced Camera for Surveys F475W and F814W filters) is bluer than that of the protocluster galaxies, and the extended UV light is also not easily explained by nebular continuum, scattered light, or synchrotron emission (16) . The estimated mass of molecular H 2 gas that is available to sustain this in situ star formation is M H 2, IGM~1 .5 (±0.4) × 10 11 × (a CO /4)M ⨀ , where a CO ≡ M H 2 /L′ CO is the conversion factor between the CO luminosity and the molecular gas mass in the IGM (17) . We assume a value of a CO = 4M ⨀ (K km s −1 pc 2 ) −1 , because the IGM of the Spiderweb galaxy is likely to have a metallicity well below the solar value (17) and because an independent estimate of the H 2 mass based on the dust emission (18) gives the same value (12) . Figure 4 shows that with this available molecular gas mass, the in situ star formation in the IGM of the Spiderweb galaxy follows the relation between the surface density of the SFR and the gas surface density observed in galaxies, also known as the Kennicutt-Schmidt relation (12, 19) . We therefore conclude that there is sufficient molecular gas available to fuel the in situ star formation within the IGM.
The molecular gas in the IGM of the Spiderweb galaxy could sustain the current rate of in situ star formation for a time scale t depletion ≡ M H 2 /SFR IGM 1.1 × (a CO /4) billion years. With our assumed value of a CO , this could fuel the star formation until z~1.6. Therefore, even if the gas is replenished for another billion years, our results are consistent with earlier predictions that the halo must stop forming stars by z = 1, so that the stellar population has at least 5 billion years' time to age and reach the colors seen across the stellar halos of local central-cluster ellipticals (10) .
Our study of the Spiderweb galaxy demonstrates that giant cluster galaxies can grow their stellar mass in situ out of very extended reservoirs of molecular gas, early in their formation process. The carbon and oxygen required to form the observed CO were made in the cores of stars. Therefore, the gaseous halo must have been polluted with recycled material that has been processed by previous episodes of star formation and was subsequently expelled back into the IGM. Our CO results complement absorption-line studies of distant quasars, which infer the presence of large (≥100 kpc) halos of warm (T~10 4 K), metalenriched gas (20) . Our results also support recent computer models of gas infall into massive darkmatter halos of submillimeter-bright galaxies, which predict that stellar feedback both from galaxies and from in situ star formation can enrich gas across~200 kpc with dust and metals (21) . In addition to enrichment by star formation, powerful radio jets may drag metals out of the host galaxy and far into the halo environment (22) . We therefore conclude that our observations SCIENCE sciencemag.org Fig. 2 . Spectra of the COemitting gas. 12 CO (J = 1 → 0) spectra at the location of the peak emission in Fig. 1 . The light and dark blue spectra show the data taken with the ATCA and the VLA, respectively. The ATCA spectrum was obtained by tapering the data to a projected baseline length of~200 m to ensure that we recover all the CO emission ( fig. S1) (12) . The VLA spectrum shows the CO emission at the highest spatial resolution. The histogram outlined with a dashed magenta line shows the velocity distribution of the protocluster galaxies (7) .The solid magenta histogram includes only galaxies that lie within the CO-emitting region, with velocities derived from the rest-frame optical emission lines [O II], [O III], and Ha (7) . The corresponding number of galaxies per bin is indicated in magenta on the right axis. Velocities are with respect to z = 2.161 (12). have identified the predicted cold baryon cycle that governs the early growth of massive cluster galaxies (14, 21) .
sciencemag.org SCIENCE Fig. 4 . The molecular star-forming gas in the IGM on the Kennicutt-Schmidt relation.
The surface density of the star formation rate (S SFR ) is plotted as a function of the molecular gas mass surface density (S gas ). The solid blue square represents the in situ star formation across the IGM of the Spiderweb galaxy.The solid blue circle shows the limits for the central radio galaxy from our high-resolution VLA data for a CO ≥ 0.8M (K km s −1 pc 2 ) −1 . For limits and error calculations, see (12) . Solid diamonds represent local spiral galaxies; open diamonds represent circumnuclear starbursts (19) . Brown circles and purple triangles represent star-forming galaxies at 1.0 ≤ z ≤ 3.5 (23) and z~1.5 (24), respectively. The lines represent the best fit to the different samples [black solid (19) , brown dashed (23), and purple dotted (24)]. Fig. 3 . Distribution and kinematics of the CO-emitting gas. (A to L) Maps of 12 CO (J = 1 → 0) detected with the ATCA at different velocities, increasing in sequence from (A) to (L). Blue CO contour levels are at -3.5s, -2.5s (both dashed), 2.5s, 3.5s, and 4.5s (all solid), where s = 0.085 mJy beam −1 . The background grayscale image was taken with the HST Advanced Camera for Surveys through the F475W filter. This HST image is placed on a logarithmic scale to show the extended rest-frame UV light from in situ star formation discovered in earlier work (16) . We downloaded these data from the HST Legacy Archive and reprocessed them by applying a 5 × 5-pixel boxcar smoothing to highlight the low-surface-brightness UV emission. Red contours show the radio-continuum source from Fig. 1 . The beam size of the CO data is visualized with the dashed ellipse in (A). The positional accuracy of the CO peaks is~0.5″ for a 4.5s signal (12) . The CO signal is not entirely independent across adjacent panels because of the applied Hanning smoothing (12) .
Velocities are with respect to z = 2.161 (12) . Coordinates are given in epoch J2000.
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